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Abstract 
The effect of hammer peening on the fatigue resistance of high strength welded steel S690 has been investigated. 
Cyclic four points bending tests have been performed on butt weld samples, manually and automatically hammered. 
Microstructural and mechanical modifications induced by both methods and their subsequent influences on fatigue 
life have been studied using several characterization techniques. A comparison of residual stress measurements 
using X-ray diffraction shows also differences between methods. On the other hand, hardness profile of the strain 
hardened region is very similar for both types of samples. The ultra-fine grain microstructure of the heat-affected 
zone (HAZ) induced by the hammer peening process has been studied by Field Emission Scanning Electron 
Microscopy and Electron Back Scattered Technique (EBSD). 
In fatigue as expected, hammer peening increases the fatigue strength of weld structures in good agreement with the 
latest proposal of the International Institute of Welding (IIW). Compressive residual stresses play a key role. 
Microstructure does not seem to affect fatigue strength in spite of nanostructured layer. On the contrary to what is 
usually admitted, the local geometry of the weld toe is deteriorated because the process induces crack-like folds. In 
this paper, some recommendations are proposed for the hammer peening process in terms of sweeping strategy. 
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1. Introduction and context 
Welding is one of the most widely used joining processes, together with bolting and adhesive bonding. However, 
welded structures usually exhibit a rather low fatigue strength in comparison to that of the parent and filler materials 
used. This is usually due to the presence of significant residual tensile stresses, high stress concentrations and often 
poor surface roughness at weld toe. In fatigue design, it is often necessary to justify the application or not of post-
treatment after welding. 
High frequency (HF) hammer peening is one of the most recent finishing techniques to improve the fatigue 
resistance of welds, and probably one of the most efficient [2]. Another important point is the effectiveness of this 
technique as a method of repair with fatigue crack closure by hammering [3] and lifetime extension of aged structure 
[4]. These two points will be just highlighted in this paper. 
Although the literature seems to demonstrate that conventional or HF hammer peening could be the optimum 
solution for improved fatigue strength, a few questions remain unsolved: 
- Among the various changes induced by hammering parameters in the welds (residual stresses, geometry, 
strain hardening, etc.), which ones are the most influential? 
- What are the mechanisms involved? 
The purpose of this study is to try to answer these questions in order to be able to further optimize the technique 
2. Experimental program 
2.1. Material characteristics 
The material used in is the S690Q steel quenched and tempered at 650 ° C; it has been supplied in the form of 
500x200x10mm plates. The mechanical characteristics of the base material S690Q, determined by monotonic tensile 
tests are given in Table 1. The plates are welded without restraint (clamping), in order to obtain a rounded weld bead 
and promote crack initiation at weld toe. The target was a weld toe angle of approximately 135°, i.e. class C in 
accordance with ISO 5817 [9]. 
Table 1: Mechanical characteristics of base metal S690 
E (GPa) Rm (MPa) Rp0,2 (MPa) A(%) 
210 812 745 5,1 
2.2. Hammer peening process 
Hammer peening was mainly performed with a PITEC system on the welded plates. An artificial muscle developed 
by Festo© is operated with compressed air and the motions are transferred to the hammer tip. Separated frequency 
and pressure controls allow optimum setting of the impact intensity depending on the material to be treated, in order 
to continuously obtain a maximum effect. The hammer vibrates at a maximum frequency of 80 Hz. 
Hammering Stressonic® Ultrasound was also performed by the SONATS society. The head of spherical needles is 
projected against the solder through the vibration of the sonotrode to the hammered area. A generator digitally 
creates a sine wave whose frequency is in the ultrasonic range (typically 15, 20 or 40 kHz). A piezoelectric 
transmitter converts the wave into mechanical wave of low amplitude. The latter is then increased by a series of 
amplifier stages and a sonotrode. The mechanical energy due to vibration of the sonotrode is then transmitted to the 
needles. 
For both hammering techniques, the radius of the hammer tool was fixed to 2.5mm (2mm for PITEC). 
Several types of hammering were considered: 
• manual hammering with Pitec device " with single sweeping in the weld bead toe (movement in one 
direction along the weld toe). 
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• manual hammering with Pitec device " with double sweeping (hammering with movement in both 
directions (longitudinal and transversal) The hammer peened area is rather large in relation to the weld 
bead toe. 
• manual hammering  with "SONATS" device automatic hammering with Pitec device mounted on a 
machine tool. 
The counterpart of this automation is that the hammer trajectory is straight line which does not completely 
follow the weld toe line (which is not necessarily regular and straight). In same poart of the weld, the weld 
toe can be mined by the tool. 
 
For each of the treated plates, peening was performed on both sides of the weld bead, on both faces which means 
that all the weld beads have been treated.  
 
In order to highlight the geometrical effect of the groove generated by the hammer peening process, an identical 
groove was reproduced by machining (same radius, same depth) on a few welded plates. A heat treatment was then 
carried out at 550°C for 1 hour with natural cooling in order to keep only the geometrical effect and to relieve 
residual stresses. 
 
To show the effect of residual stresses due to hammering, a heat stress relieving treatment has been performed on 
some samples at 550 ° C during 1h with natural cooling 
2.3. Topography 
Surface topography and roughness have been measured using a 3-dimensional non-contact optical profilometer on 
different configurations (for example on Figure 1 on as-welded and hammer peening weld). Figure 2 summarize the 
radius and depth in the weld toe for as-welded samples, hammered samples and machined samples. The value of the 
parameter Pz (Maxmum height of the primary profile) is 50 µm (standard deviation 11 µm) for the case of manual 
hammering and 75 µm (standard deviation 14 µm) for the automatic hammering.  
 
As welded joint      Hammered peening welds 
      
Figure 1 Optical views of the weld before hammering (a) and after (b). The arrow indicates the groove created at the weld toe by the hammering 
tool. 
 
Figure 2 Profilometry results of the groove created by hammering and machining (average values) 
 
As 
Welded 
Hammer 
peened 
Machined 
Radius 0.4 mm 2.56 mm 2.52 mm 
Depth 0 µm 140 µm 300 µm 
(a) (b) 
 
5mm 
 
5mm 
457 Fabien Lefebvre et al. /  Procedia Engineering  133 ( 2015 )  454 – 464 
2.4. Residual stress analyses 
Residual stresses analyses were carried out using the KD radiation of chromium diffracted to 2T = 156° by the 
atomic planes {211} of theD phase of steel. These conditions give access to distortions located at a depth of 
approximately 6 µm (standard EN 15305: Non-destructive testing. Test method for residual stress analysis by X-ray 
diffraction). The analyses are performed in the longitudinal and transversal directions, in the weld toe (heat affected 
zone) or in the hammered zone of the plates. For each direction, 7 incidence angles (Ψ) are used to obtain equivalent 
interval in the sin2Ψaxis and to have 0 ≤ sin2Ψ≤ 0.45. The X-Ray spot size is adapted to the measurement zone 
(1mm in the groove shape). In-depth residual stress measurements were performed with material removal layer by 
chemical etching and electro-polishing process. 
2.5. Microstructural analyses 
Microstructures of all the welded samples before and after hammer peening have been investigated on cross sections 
perpendicular to the welding direction. Microhardness tests, with a load of 0.01kg, were performed in order to 
obtain the hardness evolution in the weld toe region. Several indents were made at different positions of the sample 
edge (weld toe) towards the depth. For each position, the average of hardness values of three profiles is 
calculated.Microstructural analyses were performed using an optical microscope and a Field Emission Scanning 
Electron Microscope Zeiss Supra 55 equipped with an EBSD detector (HKL Channel 5 software). The Kernel 
Average Misorientation (KAM) approach has been used to identify local misorientation. The KAM is defined as the 
average misorientation angle between one EBSD measurement point (pixel) and all his neighbors at a given distance 
[8]. The microstructure on the extreme surface is made of very small elongated grains (average size~260 nm). The 
thickness of this layer is less than 100 µm over the entire length of the hammer peened groove. Figure 3 illustrates 
the microstructures observed in as-welded condition and after hammer peening condition. 
 
To investigate strain-hardening the full width at half-maximum of the X-ray diffraction peak (FWHM parameter) 
may be considered. This parameter characterises the microstructure of the material. It increases when the defect 
density (dislocations, interstitial defects, etc.) increases [10-11]. It is therefore associated with the strain hardening 
of the material. 
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Figure 3 Secondary electron image of the material microstructure before (a) and after (b) hammering with a zoom on the weld to which shows the 
highly deformed zone created by the hammering tool. C) and d) Inverse pole figures showing the grain microstructure before (c) and after (d) 
hammering: a superficial thin (thickness ~80µm) of small grains (<µm) is created by the tool at the weld toe.  
 
2.6. Fatigue setup 
Several fatigue samples have been machined from hammered and non-hammered plates. Electron Discharge 
Machining (EDM) was used to produce the samples from the welded plates as this technique causes lower relaxation 
of residual stresses. The samples were designed in order to foster crack initiation and propagation in the hammered 
region (see Figure 4). A schematic drawing of the fatigue sample geometry is shown in Figure 4. Cyclic four point 
bending fatigue tests were performed under constant amplitude loading with a stress ratio of 0.1 and a frequency of 
5 Hz.  
 
(a) (b) 
(c) (d) 
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Figure 4 a) optical view of a crack initiated in the hammered region, b) schematic drawing of the four point bending fatigue samples machined 
from the welded plates 
3. Results  
Figure 5 shows results of residual stress measurements (mean values and standard deviations) of all types of fatigue 
test specimens used in this study (the means are calculated with a minimum of 3 values and a maximum of 12 values 
(for the “as welded” specimens)) for the transverse and longitudinal directions. It can be noted that the residual 
longitudinal stresses are higher than the transverse stresses. As expected, the heat treatment performed on the 
manually hammer peened specimens, on the “as welded” specimens and on the machined groove leads to some 
relaxationof the residual stresses in both directions (longitudinal and transverse direction).  
 
The specimens hammer peened with Pitec device with double sweeping exhibit higher residual stress values in the 
transverse direction than the conventional manually hammer peened specimens. Reminder: for the 1st batch, 
hammer peening was performed by Liebherr with a hammer moving in both directions (longitudinal and transverse: 
double sweeping)). The specimens manually hammer peened with single sweeping exhibit longitudinal residual 
compressive stresses of approximately 600 MPa. 
 
The specimens hammer peened by SONATS exhibit similar residual stress values to those which were hammer 
peened with Pitec Device with double sweeping. 
 
 
(a) (b) 
 
5mm 
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Figure 5 Residual stress results on different configurations (mean values and error bars corresponding to the standard deviation). 
 
The fatigue results obtained in this study can be interpreted through the standards proposed by the IIW (International 
Institute of Welding)[12]. In fact, Marquis et al. [8] proposed a modification of the conventional standard (IIW 
Guideline). The latter simply recommended, for a hammer peened weld, to raise the fatigue limit classes 
probabilised at 2 million cycles (FAT) by a factor 2 or even a maximum of 3 (depending on the steel grade) without 
changing the slope (Basquin’s slope parameter = 3). Based on the compilation of all the published work on hammer 
peened welded joints, Marquis et al.  proposed to also change the slope parameter of the Basquin’s curve to 5 and to 
significantly increase the classes depending on the steel grade used.  
Figure 6 shows a comparison of the experimental section with the IIW proposals [8]. The FAT90 design curve with 
a slope of 3 is compared to our results obtained on the “as welded” configuration featuring a design curve with a 
slope parameter forced at 3 and FAT110 which means a fatigue strength of 110MPa with a probability of no failure 
of 95% with a 75% confidence interval. Despite our desire to perform class C welds as indicated in paragraph 2, the 
fatigue performance of our “as welded” butt weld seems good. However no corrective factor has been applied on the 
IIW Fat class to take into account the effect of low thickness (10mm) or loading ratio of 0,1 . Taking into account 
these factors the IIW Fat Class becomes higher than as-welded Fat class of this study justifying the class C welds. 
 For the type of steel used “S690”, the theoretical FAT class is increased by a number of FAT classes from 6, rising 
from FAT90 to FAT180 (m=5). The FAT180 (m=5) is presented in Figure 6 and compared to the FAT220 (m~5) 
that fits to the hammered probes. Obviously, our “as welded” and hammer peened results exceed the new IIW 
recommendations.  
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Figure 6  Fatigue results with FAT classes 
4. Discussions 
The objective of the different studied configurations was to try and dissociate the effects of the various parameters 
involved in the hammer peening process. Those parameters are discussed separately in the following paragraphs. 
4.1. Geometry 
The comparison between the results (“as-welded stress-relieved” and “hammer peened stress-relieved”, or 
“machined stress-relieved groove” and “as-welded stress-relieved ”) must show the effect of geometry. As a matter 
of fact, these configurations have the same residual stress state (≈0 MPa), and different weld bead toe geometries. 
The “hammer peened” or “machined groove” geometry should be more interesting in terms of fatigue. 
However, the results of Figure 6 show that the hammer peened stress-relieved specimens have a lower fatigue 
strength than the “as welded” specimens.  
Similarly, the specimens with machined groove have a better fatigue strength than the “as welded” stress-relieved 
specimens but the same fatigue strength as the “as welded” specimens. This point is still under investigation. 
These results show that the geometry of the groove left by the hammer is not a first order parameter with respect to 
the fatigue resistance. On the contrary to what has always been thought, the “local” geometry has a negative impact 
on the fatigue strength. The reasons for that will be discussed later. 
4.2. Strain-hardening 
To investigate strain-hardening the full width at half-maximum of the X-ray diffraction peak (FWHM parameter) is 
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considered. It has been seen that the hammered peened samples present the highest strain-hardening (FWHM~2° 
compared to ~1°) and an increase in fatigue life. 
4.3. Microstructure 
The presence of a layer of nanometric grains should be a fatigue life improving factor, since it delays the initiation 
of surface cracks. However, considering the extreme heterogeneity found for the microstructure of the hammer 
peened grooves, it was not possible to establish a direct relationship.  
4.4. Residual stresses 
For the three fatigue load conditions investigated, it may be noticed that the specimens with high compressive 
residual stresses due to hammering show the highest fatigue strength.  The results seem clearly show that the most 
important factor for the fatigue life is the “residual stress”. 
4.5. The expected and unexpected results 
Further to the geometrical, microstructural and fatigue characterisations performed on different hammer peened 
specimens, several discussions have already been presented. The purpose of this paragraph is to summarise all the 
results through expected behaviours of the study as well as unexpected results. 
 
Fatigue life improvement by hammer peening is an established and expected fact [1-2]. For conventional 
hammering on specimens in automatic or ultrasonic conditions, fatigue resistance is increased by a factor of 2 or 3 in 
comparison to the as-welded state. The improvement factor increases to 5 for a specific hammering realised with 
motion in both directions (double sweeping). The literature usually demonstrates improvement factors above 5, 
however for fillet welds. It is also worth noting that the fatigue results on the “as welded” specimens are good, 
therefore the improvement is reduced. One of the reasons for the good behaviour of the as welded specimen is that 
they don’t have any tensile residual stress. 
A few recommendations can be made when implementing the hammer peening process: 
• For manual hammering, a to-and-fro motion (sweeping) is necessary. 
• Double sweeping motions in transversal and longitudinal directions in the weld toe are preferable. 
• If automatic hammering is considered, a motion in at least one direction is necessary and it is mandatory to 
follow the weld bead. 
• For the ultrasonic hammering, to-and-fro motion must also be used. 
 
The microstructural study of the hammer peened welds allowed us to confirm the surface strain hardening at weld 
bead toe in the hammer peened groove. However, a nanostructured layer was found, approximately 100 µm thick, 
which seems to have little effect on the fatigue behaviour when compared to what can be seen in the literature [5-6]. 
In terms of residual stress level, for manual hammering (single sweeping), transversal residual stresses are lower 
than longitudinal residual stresses of the order of -140MPa and -350MPa respectively. Furthermore, we also found 
that the residual stresses tend not to be relieved; the compressive residual stresses even increase with the number of 
cycles until they become stable in compression. 
The fatigue behaviour of hammer peened specimens after stress-relieving led us to ask the right questions as to 
the origin of the improved fatigue strength after hammer peening. As we expected, the heat treatment performed at 
550°C for one hour relieved the residual stresses in both directions (approximately -40 MPa after heat treatment, to 
be compared to the -150 MPa and -350 MPa mentioned previously). The microstructure did not change with the 
presence of small/nano grains on the surface. The general and local geometry of the test specimen remained 
unchanged as well (no specimen distortion), the transition radius is increased from 0.4 (as welded) to 2.5mm 
(peened). Therefore, we expected a better service life than the “as welded” configuration, since the test specimen has 
favourable geometry and microstructure verified. However, we found out that the service life of the hammer peened 
specimens after stress-relieving is roughly half of the “as welded” configuration. 
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As explained previously, the residual stresses significantly contribute to improving the fatigue strength of welded 
joints. However, although hammer peened and stress-relieved welded joints should have better fatigue behaviours 
than untreated welded joints or at least identical behaviours, their fatigue strengths turned out to be lower.  
We expressed the assumption of the presence of cold laps generated during the hammer peening operation (Figure 
7). These cold laps behave as confined microcracks when a residual compressive stress field is present but they 
allow the initiation of macro-cracks when the residual stress field is nil. 
The optical examinations revealed fatigue cracks which initiated on laps generated during the hammer peening 
operation (Figure 7).  
 
Figure 7 Fatigue crack initiated from crack-like defect (fold) created by hammer peening (see arrow). 
 
To identify on fracture surfaces the presence of crack-like defects, SEM observations have been carried out. A 
smooth area is clearly visible on the surface or sub-surface over a depth of 100 µm, due to the presence of laps then, 
beyond this area, fatigue striations are visible. These findings were made on several hammer peened or hammer 
peened & stress-relieved specimens, and compared to the findings made on the fracture surface of an “as welded”. 
Therefore, this confirms the assumption we made concerning the presence of folds, crack-like defects or 
micro-cracks generated during the hammer peening operation and whose propagation is slowed down locked 
in the presence of residual compressive stresses.  
However, despite the presence of crack-like defects, we can conclude that the residual compressive stresses 
improve the fatigue performance. 
5. Conclusions 
The general conclusions of this study showed that: 
 
¾ Hammer peening improves the performance of welded joints (in agreement with the IIW results). 
 
¾ The residual compressive stresses induced by hammering play a major role. 
 
¾ The microstructure does not seem to have any effect, despite the nanostructured layer. 
 
¾ The geometry is of secondary importance. However the presence of folds (crack-like defect) generated by 
the hammer peening operation seem to favour crack initiation. On the contrary to what is usually admitted, 
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the local geometry of the weld toe is deteriorated and not improved. This does not jeopardise the 
improvement of the service life of the groove created by the hammering tool provided that the residual 
compressive stress field is not relieved., The improvement could be even better if these crack-like folds 
would be avoided.  
In further work, the efficiency of hammer peening as a repair process will be investigated. Fatigue tests will be 
carried out on “as welded” specimens with simple geometry, in order to pre-crack the specimens. Once pre-cracked, 
some of the specimens will be hammer peened for repair. The fatigue tests will be extended with or without repair in 
order to assess the difference of service life. Metallurgical examinations will also be carried out. Another study is 
planned to evaluate the effect of hammer peening under alternating bending stress (R=-1). 
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